I n the last two and a half years we have utilized catheterization of the heart to study the pulmonary circulation in man. Our observations may be divided as follows: (1) method, (2) results in cases of bronchial asthma, and ( 3 ) results in cases of cor pulmonale, ( 4 ) the action of drugs, (5) the immediate effect of pneumonectomy, and (6) the effect of pulmonic regurgitation.
circulation in other cases of bronchial asthma, and data on 10 cases are presented ( Figure 2 ).
These patients either had a spontaneous attack of asthma or one was induced by giving 5 to 10 mg. of mecholyl subcutaneously. Moll4 has pointed out that increased susceptibility of the bronchi to mecholyl is observed in both the continuous and the paroxysmal type of bronchial asthma. It is of interest that patients who have been free from asthma for months or even years may still be susceptible to mecholyl. The attacks of asthma induced by mecholyl are probably not similar in all respects to spontaneous attacks of bronchial asthma, but the clinical manifestations are the same.
The effects of aminophyllin and adrenalin were observed in this group of patients during an asthmatic attack. Aminophyllin (0.5 gm. in 20 cc. of distilled water) was given intravenously over a period of five minutes. It is essential that 5 minutes be taken for the injection in order to eliminate the systemic reactions which occur when aminophyllin is injected rapidly. Adrenalin solution in doses of 0.3 to 0.5 cc.) was injected intramuscularly. Figure 3 shows a typical response.
Our data suggest that aminophyllin acts in man as it does in animals; namely,5 it dilates the pulmonary arterioles and reduces peripheral resistance, thus causing a fall in pulmonary arterial pressure. Is a summary of the hemodynamics in 10 patients with bronchial asthma. During an attack of asthma, the cn average rise in pulmonary systolic pressure was 23.4 per cent and the average rise in pulmonary diastolic pressure was 38.2 per cent. Note that the adrenalin and aminophyllin pressures respond as shown when taken 10 minutes after the administration of the drug. per cent.
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Adrenalin, on the other hand, reduces bronchiolar spasm, which, theoretically, should cause a fall in pulmonary arterial pressure, but, because it constricts the pulmonary arterioles, the pressure in the pulmonary artery remains elevated. This action, however, is brief, and the pulmonary artery pressure soon returns to normal.
During a moderate or severe attack of bronchial asthma the pulmonary arterial pressure is elevated. In our 10 cases the average increase in the systolic pressure was 23.9 per cent. Although the cardiac output is difficult to measure during asthmatic attacks, our data would tend to show that it is diminished.
It has been shown that aminophyllin and adrenalin increase cardiac output and that adrenalin increases it more than aminophyllin. Both drugs6 may reduce bronchiolar spasm, but aminophyllin lowers the pulmonary arterial pressure, whereas, adrenalin does not during its usual period of action ( 5 to 8 minutes).
Our data indicates that there is a direct nervous or humoral control of the pulmonary circulation, but a t the moment it is impossible to tell which it is. It seems likely that the elevation in pulmonary arterial pressure during a n asthmatic attack is not due entirely to alterations in intrathoracic pressure (Figure 4 ) . Note the marked fall in pulmonary arterial pressure a t the beginning of inspiration. These observations suggest that the elevation of pulmonary arterial pressure in asthma is initiated by a n FIGURE 3: Is a graph which shows a typical response of the pulmonary arterial pressure in a patient with bronchial asthma. The asthmatic attack was introduced by giving mecholyl. Note the rise in pulmonary arterial pressure. With the administration of aminophyllin, the pressure fell to below the control level. Adrenalin was administered after the aminophyllin. Note the rise in pulmonary arterial pressure.
increase in alveolar pressure from bronchial constriction and alveolar swelling. Transmission of this pressure to the pulmonary capillaries and pulmonary arterioles brings about an increase in peripheral resistance.
Giving aminophyllin during an asthmatic attack caused the pulmonary arterial pressure to fall below the normal for that when the patient was not having asthma. This can be explained as follows: aminophyllin relieves the bronchiolar spasm, and this lowers the increased pressure in the alveolar sacs. As a result, peripheral resistance diminishes, and the pulmonary arterial pressure returns to normal. Aminophyllin has been shown to have a direct dilating effect on the pulmonary arterioles of animals. This FIGURE 4: Is a tracing showing the changes in pulmonary arterial pressure during inspiration and expiration in a patient during a mild attack of bronchial asthma.
could account for the effect of the pulmonary arterial pressure.
With adrenalin the opposite effect is obtained. Adrenalin also causes relaxation of the bronchiolar muscle, but it has a direct constricting action on the pulmonary arterioles for a brief period. This tends to maintain the elevated pulmonary arterial pressure during the action of adrenalin. As the adrenalin effect wanes, the pulmonary arterial pressure approaches normal. W i g g e r~,~ in summarizing the nervous control of the pulmonary vessels, states that, "owing to the feeble responses obtained by nervous stimulation most physiologists have been inclined to question their importance in the regulation of the pulmonary circulation." He believes that "a critical review of all the experimental evidence leaves no doubt as to the existence of vaso-motor nerves to the pulmonary vessels in mammals and further strongly indicates that vaso-constriction impulses travel chiefly over the sympathetic system. Evidence as to the course or even the existence of vaso-dilator fibers, however, remains less certain and rather confusing." C o~r n a n d ,~ who recently reviewed this aspect of the pulmonary circulation stated, "the demonstration of vaso-motor effects in the pulmonary circulation of man is still wanting. A t best it may be conceeded that if any vaso-motor activity exists under normal physiological conditions, it is superseded by the much more potent mechanical factor regulating pulmonary blood flow. In contradistinction to the systemic circulation where variations in peripheral resistance serve to regulate flow to various organs according to their needs, all parts of the pulmonary vascular bed and the alveolar spaces are equal in function, hence there is little cause for a regulation mechanism of blood distribution under normal conditions."
Our data suggest that there is a direct action on the pulmonary arterioles. I t is mediated through the sympathetic, on the one hand, by adrenalin, which causes vaso-constriction and maintains pulmonary arterial pressure, and, on the other hand, through the parasympathetic, by aminophyllin, which causes vaso-dilatation and lowers pulmonary arterial pressure. Whether this action of these drugs be humoral or nervous cannot be stated a t this time, but, be that as it may, a direct regulating action of the pulmonary circulation is shown. Recent work of Hickam, et al.,9 and of Reilly, et al.,1° also tends to support this thesis. Hickam showed that constriction of the pulmonary arterioles occurred during anxiety and emotion. Reilly showed anoxemia will raise pulmonary arterial pressure. Reducing the oxygen content of the inspired air to 10 per cent caused significant rises in pulmonary arterial pressure.
The Pulmonary Circulation in Cases of Cor Pulmonale I n 1940, Scott and Garvin, in a paper entitled "Cor Pulmonale; Observations in 50 Autopsy Cases,"ll stated that, "as we have no means of measuring the pulmonary blood pressure in man, the only available indez of right-sided heart strain is hypertrophy and dilatation of the right ventricle." Since B l o o m f i e l d ' s l~o r k , we are able to measure pulmonary artery pressure in man with no difficulty, and we have now studied 36 cases of cor pulmonale.
Pulmonary arterial pressures were averaged for an entire phase of respiration because great variations occur between inspiration and expiration. The pressure increases on expiration and decreases on inspiration. Both pulmonary and systemic resistances were calculated by Aperia's formula.
The 36 cases can be broken down as follows: Table I summarizes the data on the 15 patients who had no congestive failure and were not digitalized. The average systolic pressure in the pulmonary artery was 50 mm. Hg., and the average diastolic pressure was 22.4 mm. Hg. The average heart rate was 94, and the average cardiac index, 3.38 liters/minute. Table I-A summarizes the clinical observations in these cases. Table I1 summarizes the data on 14 patients who were digitalized and had no congestive failure. The average pulmonary artery systolic pressure was 60 mm. Hg., and the average diastolic pressure, 25 mm. Hg. The average heart rate was 83, and the average cardiac index was 3.21 liters/minute. Table 11 -A summarizes the clinical data in these cases. Table I11 summarizes the data on three patients who had congestive heart failure and received no digitalis. The average pulmonary artery systolic pressure was 66 mm. Hg., and the average diastolic pressure was 39 mm. Hg. The average heart rate was 100, and the cardiac index was 4.31 liters/minute. Table 3 -A summarizes the clinical data in these cases.
Table IV summarizes the data on four patients who had congestive heart failure in spite of digitalization. The average pulmonary artery systolic pressure was 67 mm. Hg., and the average cardiax index was 3.8 liters/minute. Table IV-A summarizes the clinical data in these cases.
The effect of rapid digitalization in cases of cor pulmonale with congestive heart failure is under study. Data are presented in Table V on four patients. Three who did not have congestive failure were given 1.6 mg. of Cedilanid intravenously. The cardiac output and pressures were recorded after one hour in one case and in three to five days in two others. No significant change in cardiac output occurred. This agrees with our observation on 
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J.R. This work is continuing, and we expect to collect data on patients with congestive heart failure who have received cedalanid intravenously for reports16J7 vary as to the action of digitalis.
One case of acute cor pulmonale deserves special comment. The patient was a 26-year-old Negro who had a history of cough, sputum, and fever for three weeks. The heart showed right ventricular and conus activity and the pulmonic second sound was louder than the aortic second. There was right axis deviation in the ECG. Roentgenologic study revealed enlargement of the right ventricle and pulmonary artery. Numerous small nodules were scattered throughout the chest. No tubercle bacilli or fungi were found in the sputum. With antibiotic therapy the process resolved slowly, and the congestive heart failure which was present a t first had disappeared one month later. Figure 5 summarizes the data in this case and Figure 6 shows the roentgenograms of the chest before and after treatment.
All of the patients with cor pulmonale in this series had a significant elevation in the pulmonary resistance. McMichael states BEFORE 6460 cc OUTPUT FIGURE 5: Our diagrams which summarize the hemodynamics in a patient with cor pulmonale due to acute infection studied during his congestive cardiac failure and again after there was no congestive failure present. See text for details. FIGURE 6: Our x-ray films of the chest on the patient with cor pulmonale, due to an acute nodular pneurnonitis. In the film on the left taken a t the time the patient had congestive cardiac failure, note the nodulation present in the lung fields and the enlarged heart with a prominent pulmonary artery. 1fi the film on the right taken after the infection and congestive failure had disappeared, note the diminution in size of the heart and the clear lung fields. Summary of hemodynamic studies in a patient with pulmonary arteriolar sclerosis who was given aminophyllin.
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---- and both Epinger and Dexter12 have shown, that this elevation is caused by pulmonary arteriolar constriction. They found that the pulmonary capillary pressure of patients with cor pulmonale was normal. This theory is furthered by our observation that pulmonary arterial pressure is lowered by giving aminophyllin. We have measured pulmonary capillary pressure by the method of Dexter in four cases of cor pulmonale and have found that it is normal (Figure 7 ) . Figure 7 -A summarizes the clinical findings in these four cases.
Our results tend to substantiate those of J. Lenegre,ls that cor pulmonale raises pulmonary arterial pressure, and do not support the conclusions of Bloomfield,l Cournand,l"nd Borden, et a1.20 Borden and his co-workers reported four cases of failure, with no significant difference of pressure between those with cor pulmonale, and those with chronic emphysema without cardiac failure.
The pulmonary diastolic pressure of patients with chronic pulmonary emphysema is 100 to 600 per cent above normal, and this reflects a n increase in pulmonary arterial resistance. The burden on the left side of the heart becomes great if the diastolic pressure is elevated only 25 per cent. I n some cases of emphysema i t is remarkable that the right side of the heart is able to carry the extra load as long as it does. We would like to take exception to the work of Muller, as quoted by M c M i~h a e l ,~~ which states that the right ventricle has little compensatory power.
Action of Drugs on Pulmonary Circulation
We have studied the effect of papaverine on six patients with elevated pulmonary arterial pressure and have been unable to modify the pressure significantly. Standard textbooks list papaverine as the drug of choice in the treatment of pulmonary embolism, but it seems to have little dilating effect on the pulmonary arterioles.
However, we have observed that aminophyllin lowers elevated pulmonary arterial pressure consistently. Table VI summarizes the data in 29 cases. The average lowering of the systolic pressure was 35 per cent, and the average lowering of the diastolic pressure was 55 per cent. In only one case were we unable to lower the pressure. This patient had pulmonary arteriolar sclerosis, and his pressure actually rose, as shown in Figure 8 . This is in keeping with the concept of the dynamic action .of the pulmonary circulation, because, in this case, the arterioles could no longer dilate under any circumstances. It appears that the drug of choice for patients with pulmonary embolism is aminophyllin, administered intravenously.
Pneumonectom y CournandZ2 studied pulmonary hemodynamics before and after pneumonectomy in man, but he did not observe the changes which occur during the actual operative procedure. He found no significant alteration in the pulmonary arterial pressure after pneumonectomy.
We have studied pulmonary hemodynamics by the technique of catheterization of the right side of the hearts of six patients who were undergoing pneumonectomy, in one who was undergoing lobectomy, and in one during exploratory thoracotomy. During the operation a sudden burden might be thrown on the vascular bed of the remaining lung a t the time of ligation of the opposite pulmonary artery.
A catheter was placed in the pulmonary artery opposite to the one to be ligated approximately one hour before the induction of anesthesia. The pulmonary arterial pressure was measured then and a t 15-minute intervals throughout the entire procedure, including the immediate period of ligation and after closure of the chest. By means of the Sanborn Cardioscan, the electrocardiogram was visable throughout the entire procedure.
In two cases in which the lesions were not resectable the pulmonary arterial pressure measurements were obtained after temporary ligation of one pulmonary artery.
During the induction of anesthesia both the systolic and diastolic pressure in the pulmonary artery rose, and, in some cases this continued throughout the preligation period. The increase in diastolic pressure was greater than in the systolic, averaging, in the former, 70 per cent, and, in the latter, 30 per cent. Figure 9 summarizes the observations in eight cases. The change in systolic pressure after ligation ranged from 18 to 70 per cent; the average was 40 per cent. The increase in diastolic pressure was from 16 to 33 per cent, except t h a t in three cases a decrease from 13 to 41 per cent occurred. There was a greater change in pressure, as a rule, with the ligation of the right than with the left pulmonary artery.
I n the graph the diastolic pressures are shown in the shaded area, and the systolic pressures in white. The dotted lines separate cases. The numbers above the blocks indicate: (1) the base-line pressures five to 10 minutes before ligation of the pulmonary artery, ( 2 ) the change a t the time of ligation of the pulmonary artery, (3) which, on the average, was two hours after the ligation of the pulmonary artery, and (4) the postoperative measurements, which were made two to six weeks later.
Case 7 deserves special comment. This 50-year-old man with emphysema and carcinoma of the right upper lobe of the lung, developed congestive heart failure after operation, and was digitalized. The pulmonary arterial pressure and the pulmonary capillary FIGURE 10: This chart summarizes the pre and post hemodynamic studies on a patient who after pneumonectomy developed congestive cardiac failure. pressure, before and after operation, were significantly lowered by aminophyllin. Observations on this patient after operation indicate that a significant elevation in the pulmonary arterial pressure probably militates against pneumonectomy. Figure 10 summarizes this case. The immediate rise in pulmonary arterial pressure which places a sudden load on the right ventricle may be responsible for deaths which sometime occur after ligation of the pulmonary artery.
Case of F.K., Left Upper Lobectomy
We have found that if the pulmonary arterial pressure is elevated, whatever the cause, it may be significantly lowered by the administration of aminophyllin, and the effect of this drug on patients undergoing pneumonectomy or lobectomy is being investigated.
I n one case a catheter was introduced into the pulmonary vein that was to be ligated, and then into the left auricle, where no significant change in pressure occurred during or immediately after ligation of the pulmonary artery and veins. This is shown diagramatically in Figure 11 . Five patients with typical physical signs of pulmonic insufficiency were studied by means of intracardiac catheterization, and it was found that the systolic pressure in the pulmonary artery averaged 80.5 mm. Hg., and the diastolic, 38 mm. Hg. Table V I I summarizes the data in the five cases. I n two cases the intravenous administration of 0.05 Gm. of aminophyllin caused the pulmonary arterial pressure to fall from 71/32 mm. Hg. to 50/20 mm. Hg., and from 43/25 mm. Hg. to 21/17 mm. Hg., respectively, and the intensity of the diastolic murmur of pulmonic insufficiency was markedly diminished in both cases.
Pulmonic insufficiency, like aortic insufficiency, results when normal leaflets cannot seal a dilated ring. Although both the systolic and diastolic pressures in the pulmonary artery were elevated, it is likely that the degree of incompetency of the pulmonic orifice was determined more by the level of the diastolic pressure, which was found to be relatively higher than the systolic.
Even in the presence of pulmonic insufficiency the diastolic pressure in the right ventricle was maintained nearly a t zero when the patients had no congestive failure. Similarly, in cases of organic aortic insufficiency without failure we found that the diastolic pressure in the left ventricle was a t or near zero.23 Pinally, pressure curves in cases of insufficiency of the pulmonic valve differ from those of classical organic aortic insufficiency in that the pulmonic curves do not show a rapid fall of pressure.
SUMMARY
1)
A method of studying the pulmonary circulation in man is described.
2) All persons with moderate to severe bronchial asthma have a n increase in pressure in the pulmonary artery.
A) Adrenalin relieves the bronchiolar spasm, but causes constriction of the pulmonary arterioles, thus maintaining pulmonary arterial pressure a t the asthmatic level. However, this effect is rapidly dissipated, and the pressure returns to normal. B) Aminophyllin relieves the bronchiolar spasm, but causes dilatation of the pulmonary arterioles, thus lowering pulmonary arterial pressure below normal. C ) Our observations indicate that these are vaso-motor or humoral reflexes which influence the pulmonary circulation in man.
3) Patients with cor pulmonale have a high pulmonary arterial pressure because the peripheral resistance in the lung is increased. The diastolic pressure is increased two to six fold.
A) The vascular bed is not fixed in cases of cor pulmonale, as is shown by the response to aminophyllin. B) Patients with cor pulmonale and congestive heart failure respond favorably to digitalization. C) Some patients with cor pulmonale had a low cardiac output; others had a high cardiac output with congestive heart failure.
D) The pulmonary capillary pressure is normal in cases of cor pulmonale. This indicates that the arteriolar bed is constricted. 4) I n man, papaverine does not significantly alter pulmonary arterial pressure, but, aminophyllin consistently lowers it.
5) Patients undergoing pneumonectomy show a n average increase of 40 per cent in the systolic pressure a t the time of ligation of the pulmonary artery. The remaining pulmonary vascular bed, however, compensates for this added load in a period of 1/2 to 1% hours.
A) Both the systolic and diastolic pressure in the pulmonary artery rise with the induction of anesthesia.
B) Catheterization of the pulmonary artery in man may prove useful in evaluating the risk of pneumonectomy. 6) Patients with insufficiency of the pulmonic valve have a high systolic and high diastolic pulmonary arterial pressure. Probably the most important cause of dilatation of the pulmonic ring is the high diastolic pressure.
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I am also deeply indebted to my two laboratory workers, Miss Gladys Heckman, R.N., and Miss Hanna Janouskvec, R.N., without whose understanding and help this work could not have been done. RESUMEN 1) Se describe un metodo de estudio de la circulaci6n pulmonar en el hombre.
2) Todas las personas con asma moderada o severa tienen un aumento de la presi6n en la arteria pulmonar.
A) La adrenalina alivia el espasmo bronquial, per0 causa constriccidn de las arteriolas pulmonares manteniendo asi la presi6n arterial pulmonar a1 nivel asmktico. Sin embargo, este efecto se disipa bien pronto y la presi6n regresa a lo normal. B) La aminofilina alivia el espasmo bronquial per0 causa la dilatacidn de las arteriolas pulmonares bajando asi la presi6n pulmonar abajo de lo normal. C) Nuestras observaciones indican que estos son reflejos vasomotores o humorales que influyen sobre la circulaci6n pulmonar en el hombre.
3) Los enfermos con coraz6n pulmonar tienen una alta presi6n arterial pulmonar, porque la resistencia periferica en el pulm6n aumenta. La presi6n diastdlica esth aumentada de dos a seis veces. A) El lecho vascular no esta fijo como lo muestra la respuesta a la aminofilina. B) Los enfermos con coraz6n pulmonar y desfallecimiento cardiaco congestivo responden favorablemente a la digitalizaci6n.
C) Algunos enfermos con coraz6n pulmonar tienen un debito cardiaco bajo con desfallecimiento cardiaco congestivo. D) La presi6n pulmonar capilar es normal en casos de cor pulmonar. 4) En el hombre la papaverina no altera de mod0 significante la presi6n arterial pulmonar, per0 la aminofilina francamente la desciende.
5) Los enfermos que se someten a neumonectomia muestran un aumento medio de 40 por ciento de la presi6n sist6lica en el momento de la ligadura de la arteria pulmonar. El lecho pulmonar restante sin embargo, compensa esta carga en un period0 de media a una hora y media.
A) Tanto la presi6n diastdlica como la sisMlica aumentan con la inducci6n de la anestesia.
B) La cataterizacidn de la arteria pulmonar en el hombre es util para valuar el riesgo de la neumonectomia. 6) Los enfermos con insuficiencia de la valvula pulmonar tienen una presi6n pulmonar sisMlica y diast6lica aumentadas. Probablemente la causa m8s importante de la dilataci6n del anillo pulmonar es la presi6n diast6lica alta. RESUME 1) Description d'une methode permettant d'etudier la circulation pulmonaire chez l'homme.
2) Tous les individus atteints d'asthme discret ou grave ont une augmentation de la pression dans leurs artbres pulmonaires.
A) L'adrCnaline supprime le spasme bronchiolaire mais entraine une constriction des arterioles pulmonaires qui maintient la pression arterielle pulmonaire au meme niveau qu'au cours de la crise d'asthme. Toutefois, cet effet se dissipe rapidement et la pression revient la normale. B) L'aminophylline supprime le spasme bronchiolaire mais entraine une dilatation des arterioles pulmonaires et ainsi abaisse au-dessous de la normale la pression de l'artbre pulmonaire. C ) Les observations de l'auteur montrent que la circulation pulmonaire chez l'homme est influencee par des reflexes vasomoteurs ou humoraux.
3) Les malades atteints de "coeur pulmonaire" ont une pression de l'artere pulmonaire Clevee due B l'accroissement de la resistance pkriphkrique dans le poumon. La pression diastolique est augmentCe de deux A six fois.
A ) L'ktat vasculaire n'est pas fixe dans les cas de coeur pulmonaire comme le montre la rCponse ti l'aminophylline. B) Les malades atteints de coeur pulmonaire et d'insuffisance cardiaque congestive sont favorablement influences par la digitaline.
C) Certains malades atteints de coeur pulmonaire ont un dCbit cardiaque bas, d'autres ont un debit cardiaque ClevC avec une insuffisante cardiaque congestive. D) La pression des capillaires pulmonaires est normale dans les cas de coeur pulmonaire. Ceci signifie qu'il existe une constriction artkriolaire.
4) Chez l'homme la papavkrine ne modifie pas nettement la pression de l'artere pulmonaire mais l'aminophylline l'abaisse de facon importante.
5) Les malades qui ont CtC l'objet d'une pneumonectomie ont une augmentation moyenne de 40% pour la pression systolique a u moment de la ligature de l'artere pulmonaire, cependant les vaisseaux pulmonaires restants assurent une compensation de cette surcharge en un laps de temps durant de une demi-heure ti une heure et demie.
A) Les pressions systolique e t diastolique de l'artere pulmonaire augmentent avec le debut de 1'anesthCsie. B) La cathktCrisme de l'artere pulmonaire chez l'homme peut donner des renseignements utiles sur le risque que peut faire courir une pneumonectomie. 6) Les malades atteints d'insuffisance pulmonaire ont une pression de l'artere pulmonaire elevCe tant pour la systolique que pour la diastolique. I1 est vraisemblable que la cause la plus importante de la dilatation de l'artere pulmonaire est la pression diastolique ClevCe.
